Introduction
Hematopoietic stem cells (HSCs) are defined by their capacity to self-renew and differentiate into all types of mature blood cells (1) . In an adult organism, bone marrow is the primary site of hematopoiesis, although extramedullary hematopoiesis may take place in the spleen and liver during periods of hematopoietic stress (2) . Within the bone marrow, HSCs are located in specialized niches (endosteal and perivascular niche) that provide an optimal microenvironment of cytokines, growth factors, and other signals that ensure long-term maintenance of HSCs and regulate their functions (3) (4) (5) .
During hematopoiesis, various transcription factors have been identified that control the gradual steps of lineage-commitment and specifically change the gene expression profile of HSCs. This allows the adaptation of a new set of genes that determines the specialized structure and function of each mature blood cell type (6) . While some transcription factors are essential for the commitment to certain lineages, such as globin transcription factor 1 (GATA-1) for the erythroid lineage or PU-1 for the granulocytic and monocytic lineages, others act in concert with more abundantly expressed transcription factors (e.g. AP-1 or STATs) to direct lineage-specificity (7-10).
The nuclear factor of activated T cells (NFAT) family of transcription factors comprises five members (NFATc1-c4, NFAT5), of which NFATc1-c4 are regulated by the calcium-dependent phosphatase calcineurin, while NFAT5 reacts to osmotic stress (11) .
Activation of NFATc1-c4 usually occurs after binding of extracellular ligands to cell surface receptors that are able to induce a sustained increase in intracellular calcium levels. Upon dephosphorylation by calcineurin, a nuclear-localization signal is unmasked and allows the nuclear translocation and activation of NFAT proteins. Due to the strict dependence on calcineurin in the NFAT activation process and the fundamental role of NFAT in the activation of T cells, calcineurin inhibitors such as cyclosporin A or FK506 are potent 4 immunosuppressants (12, 13) . Thus, calcineurin inhibitors are used as first-line therapy in patients after allogeneic stem cell or organ transplantation to prevent or treat organ rejection.
Although NFAT is best known for its function in T cell activation, specific family members also regulate various developmental processes (e.g. heart valves, vasculature, central nervous system) as well as the differentiation of a multitude of cell types including cardiomyocytes, keratinocytes, chondrocytes, and osteoclasts (14) . However, a potential role of NFAT in the maintenance of HSC properties and the regulation of hematopoiesis is largely unknown. Our previous studies show that, except for NFATc4, all members of the NFAT family are expressed in CD34-positive HSCs and that their expression is differentially regulated during the lineage-specific differentiation of myeloid cells (15, 16) . For example, while NFATc4 is not expressed in HSCs and remains almost undetectable in differentiated neutrophil, eosinophil and erythroid cells, its expression is strongly induced during megakaryocyte differentiation. In contrast, the expression of NFATc2, which is abundantly found in HSCs, is rapidly and almost completely suppressed upon their differentiation into neutrophil granulocytes, but is maintained in the megakaryocyte lineage. Thus, the exclusive expression pattern of NFAT members suggests a participation in the lineage commitment and/or differentiation of hematopoietic cells.
In the current study, we investigated the role of NFATc2 in hematopoiesis. NFATc2-deficient mice at advanced age acquire anemia and thrombocytopenia, accompanied by fibrosis and sclerosis of the bone marrow and extramedullary hematopoiesis of spleen and liver. Our data suggest a role for NFATc2 in the maintenance of steady-state hematopoiesis and bone remodeling in adult organisms.
Design and Methods

Mice
NFATc2
-/-and wild-type mice (C57BL/6 background) were held under pathogen-free conditions at the animal facility of the Technical University of Dresden (17, 18) . Twenty
NFATc2-deficient mice and their age-and sex-matched wild-type littermates were divided into two age groups: younger than three months (n = 9 pairs) and older than 12 months (n = 11 pairs). Before sacrifice, animals were anesthetized by an intraperitoneal injection of a combination of ketamine and xylazine. All animal protocols were approved by the governmental and institutional animal care committee.
Hematologic analysis
Peripheral blood was collected by retro-orbital puncture into heparinized capillary tubes, and complete blood counts were performed (Sysmex, Norderstedt, Germany). The blood differential was assessed by cytomophological analysis of blood smears stained with
May-Grünwald and confirmed by flow cytometry. Slides were examined and imaged using a light microscope (Nikon Eclipse E600 and Digital Sight DS-5M, Düsseldorf, Germany).
Isolation of cells from the bone marrow, spleen and liver
Liver and spleen were meshed with the bottom-side of a 5 ml syringe, and bone marrow was flushed from both femora and tibias. All cell lysates were passed through a 20 µm nylon mesh cell strainer to obtain single cell suspensions. Afterwards, the cells were subjected to cytospin and flow cytometry analysis to assess the cellular morphology, the lineage commitment and the differentiation stage of the hematopoietic cells. Colonyformation assays were performed to determine the frequency of lineage-specific progenitors.
Flow cytometry
The following antibodies were used for the distinction of the different hematopoietic When whole blood was used, red blood cells were lysed after the staining procedure using a commercial lysing solution (BD Biosciences) for 10 minutes at room temperature. Cells were washed and resuspended in 250 µL cell wash solution. Isotype-matched antibodies and unstained cells were used as negative controls. A total of 10,000 events were collected for each sample using a FACSCalibur flow cytometer (BD Biosciences, San Jose, USA) and analyzed using the CellQuest software (BD Biosciences, San Jose, USA). Dead cells were excluded by propidium iodide staining. Leukocyte subpopulations were defined as published elsewhere (19, 20) . 
Colony-forming assays
Differentiation of megakaryocytes
Megakaryocytes were differentiated from CD34 + cells isolated from the peripheral blood of G-CSF-mobilized healthy stem cell donors as described previously (21) . 
Histological analysis of bone marrow, liver and spleen
Spleens, livers and femora of NFATc2 -/-and wild-type mice were fixed in 4% PBSbuffered formalin for 24 h. Femora were additionally decalcified in osteosoft (Merck, Darmstadt, Germany). Following dehydration with an ascending ethanol series and xylol, the tissues were embedded in paraffin. The sections were stained with hematoxylin-eosin (H&E),
Turnbull blue for the detection of iron, Gomori for the visualization of reticular fibers, Giemsa for osteoblasts, and tartrate-resistant acid phosphatase (TRAP) for osteoclasts. Slides were examined and imaged using a light microscope (Nikon Eclipse E600 and Digital Sight DS-5M, Düsseldorf, Germany).
Generation and assessment of osteoblasts and osteoclasts
Bone marrow cells were flushed out of femora and tibias. For the generation of osteoclasts, 2 x 10 6 cells were cultured in 48-well plates and treated with 10 ng/ml M-CSF and 25 ng/ml RANKL (both from R&D Systems) for 7 days. Afterwards, cells were fixed and stained for TRAP using a commercially available kit (Sigma). Osteoblasts were generated by seeding one million bone marrow cells per well of a 48-well plate and differentiating them in 5 mM β-glycerol phosphate and 100 µM ascorbate phosphate for up to 21 days. Alkaline phosphatase (ALP) activity and the mineralization capacity were assessed as previously described (22) . Proliferation of osteoblast progenitors was measured using a BrdU ELISA (Roche) after 7 days of differentiation according to the manufacturer's instructions. Plasma levels of pro-collagen type I N-terminal peptide (P1NP) was determined using a commercially available ELISA (IDS Systems).
Statistical analysis
Data are presented as means ± standard error of the mean. Statistical significance was tested using an unpaired student's T-test. P-values < 0.05 were considered statistically significant.
Results
Anemia, thrombocytopenia and lymphocytosis in aged NFATc2-deficient mice
In order to assess the impact of NFATc2 on hematopoiesis, complete blood counts of young (< 3 months) and aged (> 12 months) wild-type (WT) and NFATc2 -/-(KO) mice were performed. To control for confounding factors, all WT and KO mice were analyzed in matched pairs adjusted for age and sex. The results are summarized in table 1 and Fig. 1 .
Aged KO mice were found to be consistently anemic with a significant reduction in all parameters of the erythroid lineage, namely erythrocyte number, hemoglobin, and hematocrit ( Fig. 1A) . Likewise, the group of aged KO mice showed a strong reduction in their platelet number by about 50% (except for one individual, which displayed both excessive thrombocytosis and granulocytosis, specifically marked in Fig. 1B and C). Neutrophil counts between WT and KO mice were not significantly different (Fig. 1C) . As expected, a significant lymphocytosis was observed in the peripheral blood of aged KO mice, consistent with a previously described defect in the termination of lymphoproliferative responses in these mice (23, 24) . In the group of young KO mice, peripheral blood abnormalities were less pronounced than in aged mice, but significant thrombocytopenia as well as a tendency for anemia were also noticeable (table 1) .
Anemia in aged NFATc2 KO mice was characterized by a decrease in the red blood cell indices mean corpuscular volume (MCV) and mean corpuscular hemoglobin (MCH) (Fig.   1D ). To exclude that iron deficiency was the cause of anemia, bone marrow sections were stained with Turnbull blue. No differences were seen between WT and KO mice (data not shown). In contrast, the peripheral blood of KO mice revealed an increase in the number of reticulocytes (310 ± 5 x 10 6 vs. 488 ± 68 x 10 6 cells/ml, P < 0.05), evident by the polychromatic appearance of reticulocytes in peripheral blood smears (Fig. 1E ).
NFATc2 deficiency leads to bone marrow hypoplasia and osteomyelosclerosis
Because aged NFATc2 -/-mice were anemic and thrombocytopenic, we next set out to examine the bone marrow compartment as the origin of hematopoiesis in adult mice (Fig. 2 ).
Upon macroscopic examination, femora of aged KO mice already appeared paler than those of WT mice ( Fig. 2A) , and significantly fewer bone marrow cells could be obtained ( were stained for the presence of reticular fibers. Indeed, in addition to the presence of bone trabeculae, an increased formation of reticular fibers was found in the marrow space of four out of ten aged NFATc2-deficient mice (Fig. 2E) .
Femora of young KO mice were macroscopically indistinguishable from those of agematched WT mice ( Fig. 2A) , and histological analysis did not show signs of osteomyelosclerosis. However, similar as in aged mice, fewer cells could be extracted from femora of young KO compared to age-matched WT animals (23.19 ± 4.82 x 10 6 vs. 33.61 ± 5.73 x 10 6 cells/femur, P < 0.001) (Fig. 2B) , and these cells also showed a quantitative reduction of all myeloid lineages but not of lymphoid cells (data not shown).
Aged NFATc2-deficient mice display extramedullary hematopoiesis
Fibrosis and ossification of the bone marrow cavity along with peripheral blood anemia and thrombocytopenia, as detected in aged NFATc2 -/-mice, are also found in the late (hypocellular) stage of human primary myelofibrosis, a clonal hematopoietic disorder, which additionally is characterized by splenomegaly and the presence of extramedullary hematopoiesis. We therefore next investigated whether extramedullary hematopoiesis was present in the spleens and livers of NFATc2 -/-mice (Fig. 3 ). Spleens were variably, but consistently enlarged in aged KO compared to WT mice. Notably, mice with highly ossified bone marrow also presented with a drastic increase in their spleen size (Fig. 3A) . On average, the relative weight of KO spleens was found to be significantly increased to about 200% of that of WT spleens (Fig. 3B) . Consistent with this observation, spleens of NFATc2 -/-mice, upon homogenization, contained three times more cells than WT spleens (218 ± 40 x 10 6 vs.
742 ± 276 x 10 6 cells/spleen) (Fig. 3C ).
Histological spleen sections of aged KO mice exhibited a destroyed architecture of the parenchyma, which was intact in WT mice (Fig. 3D) . Moreover, sections of KO spleens revealed a notable prevalence of erythroid cells as well as the appearance of multiple megakaryocytes, which in comparison were rarely found in WT spleens ( Fig. 3D ; compare panels b and d to panels a and c). Hematopoietic differentiation of homogenized spleen cells showed that, while cells of all myeloid and lymphoid lineages were present in increased numbers in KO spleens, a predominant expansion of erythroid and megakaryocytic cells was apparent (Fig. 3E, left graph) . As a result, spleens of aged KO mice displayed a profoundly altered relative proportion of myeloid (i.e. erythroid, granulocytic and megakaryocytic) to lymphoid cells (WT ~1:6 vs. KO ~1:1), which in the KO had drastically shifted in favor of the myeloid compartment (Fig. 3E, right graph) .
To analyze the frequency of myeloid progenitor cells in spleens of aged WT and NFATc2 -/-mice, colony-formation assays were performed. The frequencies of granulocytic/ monocytic (CFU-GM/CFU-G/CFU-M), erythroid (BFU-E) and megakaryocytic (CFU-MK)
progenitors were all markedly increased in the spleens of NFATc2-deficient compared to WT mice ( Fig. 3F ). Increased frequencies of granulocytic/monocytic and erythroid progenitors were also found in 4 out of 5 livers of aged NFATc2 knock-out animals (data not shown).
Together, these results demonstrate the presence of extramedullary hematopoiesis in aged NFATc2 -/-mice. Similar as the formation of trabeculae in the bone marrow, extramedullary hematopoiesis was not detected in young NFATc2 -/-mice, suggesting that both phenomena were age-dependent and accumulated with some variability over the life span of NFATc2-deficient animals.
Reduced frequency but preserved differentiation potential of hematopoietic progenitor cells in the bone marrow of NFATc2-deficient mice
The term "hematopoietic niche" depicts the site of hematopoiesis in the bone marrow, in which a network of growth factors and membrane proteins, expressed by both hematopoietic cells and stroma cells, regulates the self-renewal of hematopoietic stem cells as well as their differentiation into all hematopoietic lineages. The fact that the total number of hematopoietic cells was drastically reduced in the bone marrow of aged NFATc2 -/-mice ( Fig. 2), while intact hematopoiesis was clearly present in extramedullary organs (Fig. 3) , suggested that the bone marrow hematopoietic niche in NFATc2 -/-mice may be disturbed. (Fig. 4C, lower panel) . The latter observation is consistent with a massively stimulated extramedullary erythropoiesis in NFATc2 knock-out spleens, and explains the aforementioned reticulocytosis in the peripheral blood of these mice (Fig. 1E ).
NFATc2 is expressed in hematopoietic progenitor cells, and its expression is maintained throughout megakaryopoiesis (15, 16) . We therefore set out to determine whether 
Lack of NFATc2 leads to increased bone formation
Within the bone marrow hematopoietic niche, stroma cells and hematopoietic cells are part of a complex network, in which both cell types critically influence each other (25) . performed. Osteoblasts derived from NFATc2-deficient mice deposited more mineralized matrix after 21 days of culture compared to WT osteoblasts (Fig. 5D) and displayed a 2.5-3-fold higher activity of alkaline phosphatase (Fig. 5E) , especially at early differentiation stages (days 7 and 14), indicating a higher osteogenic potential. The proliferation rate of osteoblast progenitor cells, however, was not changed (data not shown). In contrast, significantly fewer osteoclasts formed from the bone marrow of NFATc2-deficient mice as compared to WT mice (192 ± 62 vs. 296 ± 60 osteoclasts/well, P < 0.05) ( Fig. 5F and 5G ).
Discussion
NFAT transcription factors are involved in the development of several tissues and regulate the differentiation of a multitude of specialized cells, such as cardiomyocytes or skeletal cells (14) . However, their role in the differentiation of hematopoietic lineage cells is currently unclear. Our previous studies showed that members of the NFAT family are expressed in hematopoietic progenitor cells and are regulated during myeloid commitment in a lineage-specific manner (15, 16) . These results thus prompted us to investigate the role of NFATc2 in hematopoiesis.
Here we report that NFATc2-deficient mice older than 12 months acquire anemia, thrombocytopenia, and lymphocytosis. The bone marrow of aged NFATc2 knock-out mice proved to be hypoplastic and displayed a significant loss of erythroid, granulocytic, and megakaryocytic lineage cells. Moreover, NFATc2-deficient mice developed osteomyelosclerosis and, in some cases, osteomyelofibrosis. In parallel, splenomegaly due to extramedullary hematopoiesis was observed in all aged NFATc2-deficient mice.
Apparent cause for the observed peripheral blood anemia and thrombocytopenia was a production defect of these cells in the bone marrow, which was only partially compensated by the extramedullary hematopoiesis in spleen and liver. The combination of bone marrow hypoplasia with reticulocytosis and the presence of intact hematopoiesis in extramedullary organs strongly argues against a general defect of the hematopoiesis in NFATc2-deficient animals (e.g., by nutrient deficiency or mechanisms intrinsic to hematopoietic stem cells) but rather points towards a selective dysregulation of the hematopoiesis within the local bone marrow microenvironment. The detection of extramedullary, left-shifted erythropoiesis in the spleens of NFATc2-deficient mice also explained the (at first sight contradictory) reticulocytosis in the blood of the mice, as erythropoietic precursor cells are prematurely released from the spleen into the periphery.
We further specified the functional defect in the NFATc2-deficient bone marrow and first focused on the hematopoietic part. Hematopoiesis in the bone marrow is dependent on the capability of hematopoietic progenitor cells to self-renew and differentiate into various myeloid lineages, and both functions are critically influenced by adjacent stroma cells (e.g.
osteoblasts or mesenchymal stem cells). Of note, NFATc2 is expressed both by hematopoietic stem cells and stroma cells (15, 26, 27) , and thus both direct and indirect mechanisms have to be considered as cause for the hematopoietic insufficiency in the bone marrow of NFATc2- The central role of hematopoietic cells for stroma homeostasis is also supported by a number of transgenic mouse models. For example, mice that overexpress the megakaryocytic growth factor thrombopoietin (37), or mice that express low levels of the megakaryocytic transcription factor GATA-1 (38), develop a PMF-like phenotype and, similar as NFAT2-deficient mice, do not display any gross abnormalities below the age of 12 months. As in human PMF, the genetic defect of these mice points towards a hematopoietic cell (especially the megakaryocyte) as the origin of the stroma abnormalities.
Our ex vivo experiments with NFATc2-deficient osteoblasts and osteoclasts suggest the presence of a cell-intrinsic stroma defect in these mice, in which the differentiation of both bone cell types is altered, with osteoblastic differentiation or function being enhanced and 
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